Different types of calcium phosphate compounds are commercially available for medical and dental applications as bone substitute materials.
INTRODUCTION
Different types of calcium phosphates such as calcium deficient apatite (CDA) , hydroxyapatite (HA) , beta-tricalcium phosphate ( B-TCP) , biphasic calcium phosphate (BCP) -an intimate mixture of HA and 9-TCP, are commercially available for medical and dental applications as bone substitute materials1-3). However, these biomaterials composed of calcium and phosphate have some disadvantages like lack of osteoinductivity4) and biodegradability5,6) , as well as low mechanical strength7) . Biological apatites in the mineral phases of enamel, dentin, and bone are characterized by their nanocrystal size and the presence of minor constituents such as carbonate (CO3) , magnesium (Mg) , chloride (Cl) , or fluoride (F) ions substituted in the apatite lattice8-10) Synthetic apatite made from wet chemical methods (precipitation methods) was generally sintered to mechanically strengthen apatites11,12). Sintered apatites, however, produce large, brittle, and insoluble crystals with increasing strength7) . On the other hand, unsintered apatites have little, single crystals that are soluble and with similar crystallinity to biological apatite.
Fluoride (F) ions added to cell culture media were shown to have effects on in vitro activities of bone cells ( 
MATERIALS AND METHODS

Materials
Calcium deficient apatite (CDA) and fluoridesubstituted apatites (FAp) containing different levels of fluoride were prepared according to wet chemical methods previously described9,19,20) Depending on the fluoride (F) concentrations, the FAps were classified as low, l-(0.48 wt %) , medium, m-(0.91 wt %) , and high, h-(2.23 wt %) FAp. The apatites were compressed into pellets using hydraulic press (Carver Laboratory Press, Menomonee Falls, WI, USA) operating at 34 MPa. The material were crushed into dimensions of about 1 X 1 X 1 2 mm and autoclaved for 20 minutes at 120°C.
Animals and implantation of biomaterials
Eight male Wister rats (Charles River Japan, Inc., Yokohama, Japan) of 8 weeks old (about 300 g) were used in this experiment. The rats were anesthetized, and a cavity of 2-mm diameter was drilled through the anterior cortical plate using round dental burs until bleeding was encountered due to the exposed bone marrow. Material were inserted in each tibia and the overlaying muscle and skin tissue were sutured. The animals were sacrificed after 1 or 2 weeks, and then, the tibiae were examined histologically and histomorphometrically under a light microscope (Olympus BH-2, Olympus Co., Tokyo, Japan) .
Tissue preparation for light microscopy Animals were fixed by intracardiac perfusion with 4% paraformaldehyde solution (wt/vol) in 0.1 M phosphate buffer, pH 7.4, at each observation point of biomaterial implantation. After dissection, the tibiae were placed in the same fixative solution for 24 hours at 4°C . The tibiae were decalcified with 10% EDTA and embedded in paraffin in a standard manner. Sections of 5 i m thickness were cut and stained with hematoxylin-eosin (H-E) .
Statistical analysis
Histomorphometrically, H-E staining sections were measured for new bone formation using Scion Image (Scion Corporation, Maryland, USA) . Six sections were measured from each material.
The amount of new bone formation was calculated as follows: new bone area divided by bone Marrow area (soft tissue) minus material area.
New bone formation at each week -up to 2 weeks -was analyzed by nonparametric analysis. Statistical differences among groups were determined using the Kruskal-Wallis test and Mann-Whitney U-test. P-value of 0.05 was considered to be statistically significant.
All data were presented as ±standard error of mean (S.E.M).
RESULTS
Histological examination
At 1 week, limited new bone formation was observed for implantation with CDA. On the other hand, in lower concentration FAps (1-, m-FAp) , one layer of new bone were already formed around the material surfaces.
However, in high concentration FAp (h-FAp) , fewer new bone formation were observed when compared to 1-, m-FAp, but more than CDA ( Fig. 1) .
At 2 weeks, new bone formation in CDA implanted rat tibia was observed around the material and bone marrow started to form -similar to those implanted with 1-, m-FAps. In h-FAp, a layer of new bone formation was observed around the materialsimilar to 1-, m-FAps after 1 week, but no bone marrow formation was observed ( Fig. 1 ) .
Histomorphometric
examination The amount of new bone formation was calculated by determining the area formed by new bone inside the bone marrow and soft tissue excluding material. This was done for the reason that the quantities of implanted materials were different for each animal, region, and section. The formula used was new bone area divided by bone marrow and soft tissue minus material (Fig. 2 ) . New bone formation yielded significant differences at 1 week (P< 0.05) , but no differences at 2 weeks. Results from Fig. 2 supported the histological findings ( Fig. 1 ) .
DISCUSSION
Biological apatites contain several kinds of minor elements such as carbonate (CO3) , magnesium (Mg) , and fluoride (F) in enamel, dentin, and bone. Previous studies reported that these minor elements affect cell proliferation and differentiation during hard tissue f ormation21,22) This study was consistent with the report of Frondoza et al.21) that F-substituted apatite promoted osteoblast proliferation.
In our previous study, we investigated in vitro response of osteoblast-like and odontoblast-like cells to HA, CDA, and FAp. We observed that cell proliferation was inhibited and differentiation was promoted by low F concentration. We speculated that cell morphology, fusion, and proliferation on biomaterial surfaces depend on cell type (osteoblast-like vs. odontoblast-like cell) and biomaterial composition18) . Against this background, we performed this in vivo study based on the results of the in vitro study.
The lattice ions such as Ca2+, F-, and PO43-play an important role in precipitation.
Other species alter the lattice ion concentration through pH change and/or material balance. Both cations of calcium acetate and calcium fluoride, in particular, have a OF FLUORIDE-SUBSTITUTED APATITE ON RAT BONE great effect in terms of magnitude on the concentration of Ca2+ and F-23) . In this study, these ions dissolved easy in the bone marrow containing abundant hematogenous mesenchymal cells, such as macrophages, multinucleated giant cells, and eosinophils. Our study showed that F ions affected new bone formation during the early stage. In addition, the size of bone defect for apatite implantation is crucial. To eliminate this variable, we used a sham animal for preliminary study.
At 1 week, a sham animal had inflammatory reactions and started new bone formation similar to that implanted with CDA. Bone marrow formation was also observed at 2 weeks (data not shown) . Therefore, a defect size considered acceptable was selected for this study.
In this study, apatites were synthesized by wet chemical method because the formation of hydroxyapatite in the human body was probably comparable to this method24), and then unsintered for similar crystallinity to biological apatite as characterized X-ray diffraction (data not shown) . Unsintered apatite is more soluble than sintered one. Thus, when implanted in the animal tissue (bone marrow, muscle, and subcutaneous tissue) , it was postulated that unsintered apatite degraded com-pletely25) .
For example, octacalcium phosphate (OCP) , calcium phosphate cement (CPC) , and B-TCP were shown to be resorbable material when implanted in uivo26-30)CPC, for instance, had excellent biocompatibility and osteoconductivity27) , and CO3 apatite-collagen had good biocompatibility and a crystallinity similar to bone31) . Functionally graded CO3Ap containing magnesium (FGMgCO3Ap) helped to accelerate osteoblast adhesion at the surface of the composite32) . Furthermore, this composite was metabolized faster than the CO3Ap-collagen composite and allowed better formation of new bone33) . In this study, we focused on the effect of F ion -specifically its biocompatibility and self-degradability -by investigating different concentrations of unsintered FAp. In vivo, l-FAp showed better osteoconductivity and faster new bone formation with slight inflammatory reactions than CDA after 1 week. Nevertheless, no significant differences between CDA and FAps were observed at 2 weeks (Fig. 2) .
In conclusion, a minor element (F) substituted apatite affect osteoconductivity and new bone formation depending on F concentration in vivo rat tibia. l-FAp was observed to promote new bone formation and remodeling more actively than CDA and h-FAp. IN 
